Introduction
SNAREs form a large protein superfamily that consists of small membrane-anchored proteins that mediate membrane fusion reactions in eukaryotes. [1] Complementary sets of opposing SNARE proteins form a tight coil-coiled complex that pulls the opposing membranes together and eventually results in membrane fusion. [2, 3] The underlying molecular mechanism, and in particular how this fusion progresses after formation of this complex, is however unclear. [1, [3] [4] [5] Certain aspects of the fusion mechanism have been linked to the structural characteristics of the SNARE complex. [6, 7] In particular, the transmembrane regions (TMR) of the SNAREs were shown to be essential for both inducing membrane merging and subsequent fusion pore formation. [6, 8, 9] Deletions of TMR end residues have been shown to arrest fusion pore formation. [8] On the other hand the binding affinity between SNAREs and the flexibility of the linkers that connect the TMR with the coiled-coil complex were also shown to play a key role in the formation and expansion of the fusion pore. [7, 10] Thus, fusion pore formation seems related to both the presence of mechanical stress in the SNARE complex and the TMR ends.
Here we addressed two main questions: 1) how do the transmembrane regions facilitate both stalk and fusion pore formation? 2) How is the formation of the fusion pore controlled by mechanical stress in the SNARE complex? To this aim, we performed molecular dynamics (MD) simulations of the neuronal SNARE complex, [11] docking the two opposing membranes to reveal physically and energetically feasible fusion pathways after SNARE assembly. In this simulation study we modeled the X-ray-resolved neuronal SNARE complex [11] (see the Supporting Information). For a direct comparison with experiments we set up our simulations in close resemblance to the established in vitro fusion assay, in which complementary sets of SNARE proteins are reconstituted in liposomes, and fusion is studied by fluorescence resonance energy transfer. [1] In vivo, SNAREs mediate fusion within 2-5 ms after arrival of an action potential. [12] In order to capture SNARE-mediated fusion events within the limited simulation timescale (microseconds), we simulated 1) pre-assembled trans-SNARE complexes to allow simulation of the much faster subsequent fusion step, 2) highly fusogenic lipid vesicles (POPE, 1-palmitoyl 2-oleoyl phosphatidylethanolamine) and 3) elevated temperature conditions (350 K instead of 310 K). In our simulations upto two neuronal SNARE complexes were embedded in two 20 nm unilamellar POPE vesicles ( Figure 2 ) and simulated over 4 ms relative time (Supporting Information).
In this study we synergistically combined the accuracy of conventional atomic simulation models with the speed and efficiency of coarse-grained models (CG), which provide an efficient description by representing multiple atoms by a single interaction site. We performed atomic simulations both to study the membrane partitioning and to validate the accuracy of the MARTINI CG model that we applied [13, 14] to overcome Neurotransmitter release at the synapse requires fusion of synaptic vesicles with the presynaptic plasma membrane. SNAREs are the core constituents of the protein machinery responsible for this membrane fusion, but the actual fusion mechanism remains unclear. Here, we have simulated neuronal SNARE-mediated membrane fusion in molecular detail. In our simulations, membrane fusion progresses through an inverted micelle fusion intermediate before reaching the hemifused state. We show that at least one single SNARE complex is required for fusion, as has also been confirmed in a recent in vitro singlemolecule fluoresence study. Further, the transmembrane regions of the SNAREs were found to play a vital role in the initiation of fusion by causing distortions of the lipid packing of the outer membrane leaflets, and the C termini of the transmembrane regions are associated with the formation of the fusion pores. The inherent mechanical stress in the linker region of the SNARE complex was found to drive both the subsequent formation and expansion of fusion pores. Our simulations also revealed that the presence of homodimerizations between the transmembrane regions leads to the formation of unstable fusion intermediates that are under high curvature stress. We show that multiple SNARE complexes mediate membrane fusion in a cooperative and synchronized process. Finally, we show that after fusion, the zipping of the SNAREs extends into the membrane region, in agreement with the recently resolved X-ray structure of the fully assembled state.
[ the large length and timescales involved with capturing SNARE-mediated fusion events. [15, 16] Results and Discussion
In our simulations the assembled coiled-coil SNARE complex is very rigid and exhibits limited conformational flexibility in agreement with earlier atomic simulations and experiments. [17] [18] [19] [20] To determine the membrane insertion of the SNARE complex in the bilayer, which is essential to provide a representative setup for the fusion simulations, we exploited the accuracy provided by atomic models and performed several simulations with the SNARE complex embedded in an 128-lipid POPE bilayer patch by starting from different insertion depths. Figure 1 A shows that the insertion depth of the SNARE complex adapts to similar values within 100 ns despite a difference in initial positioning. Figure 1 B also shows that the insertion depths obtained with the CG model lies well within the range of the atomic simulations. Thus the insertion depth of the SNARE complex, which is an important and sensitive indicator of the underlying protein-bilayer interactions, is well reproduced by the CG model. [21] SNARE complex is driven towards the perimeter of the fusion region Figure 2 A and C reveal that the coarse-grained model of the SNARE complex is mechanical functional and that progression of the zipping pulls the vesicles toward each other. Over the course of microseconds, the single SNARE complex diffuses towards and along the perimeter of the fusion site (vertex ring), maintaining an orientation normal to the perimeter (Figure 2 A, C). Close analysis suggests that mechanical stress stored in the linker region of the SNARE complex plays a key role in this self-organized arrangement. A central positioning of the SNARE complex requires stronger bending of the intrinsically stiff linker regions [22] and would therefore cause a larger mechanical stress. In contrast, a more peripheral positioning of the SNARE complex requires less bending of the linker regions in the SNARE complex and therefore decreases mechanical stress. For the helical syntaxin linker, we estimated a bending stiffness of 10 AE 0.1 cal mol À1 deg
À2
, [22] which lies well within the range of the values predicted by atomic simulations (1.7-50 cal mol À1 deg
). [22] To prove that mechanical stress stored in the linkers indeed facilitates the observed self-organization, we performed the same simulations by using a SNARE complex with unstructured flexible linkers. Indeed, in these simulations These snapshots reveal that a progression of the zipping (black arrows) has pulled the vesicles toward each other. B) Snapshot of the system with two SNARE complexes prior to stalk formation (t = 0.3 ms). The zipping (black arrow) has progressed to Lys252 (syntaxin) and Ala56 (synaptobrevin). The TMRs dimerize close to the C termini. D) Snapshot of the system with a single SNARE complex possessing an unstructured linker. Here, the SNARE complex hinders the membranes to come into close proximity. The lipids: the carbon tails are shown in gray, head-groups orange, and (internal) solvent blue. The SNAREs: syntaxin-1A is shown in red, synaptobrevin-2 in blue, and SNAP-25 in green. The SNARE linkers are shown in dark gray and the trans-membrane regions (TMR) in yellow. Internal solvent is shown in blue. For the sake of clarity, exterior solvent is not shown.
the SNARE complex was not driven towards the perimeter of the fusion region (Figure 2 D) . Further, the peripheral positioning of the SNARE complex allows close approach of the two opposing curved membrane patches (Figure 2 A, C vs D).
SNARE complexes induce stalk formation and actively opens fusion pores
Fusion (content mixing) was observed in 4 out of 10 simulations with two SNARE complexes and in two out of ten with a single SNARE complex. The observation that a single SNARE complex is sufficient for membrane fusion agrees with recent experiments. [23, 24] In both the single and double SNARE systems fusion progressed through a similar mechanism. The observed fusion mechanism ( (Figure 4 B) or multiple lipid bridges between the cisleaflets as observed in our simulations, a process that has recently been identified as the kinetic barrier of stalk formation. [25] [26] [27] [28] [29] [30] [31] The latter is supported by our SNARE-free control simulation (Supporting Information) in which we artificially brought the vesicles in similar close proximity to each other and stalk formation remained absent (five out of five simulations). In the absence of SNAREs, even when strongly pressing the vesicles against each other (Figure 4 C) stalk formation was surprisingly hard to obtain (one out of five simulations). [31] [32] [33] In a latter section of this manuscript we will look at the stalk-forming propensity of the TMRs in more detail.
2) Formation of an inverted micelle intermediate (IMI).
[34] After formation, the stalk expands in a worm-like manner within the cross-section of the fusion plane, eventually closing and forming a ring that encloses an external solvent bubble (Figure 3 B) . A similar expansion of the stalk is also observed in protein-free fusion simulation studies. [15, 26, 27] In 3D, the closed ring in fact corresponds to an inverted mi- celle (Figure 3 A II) . The observation that fusion can progress through an IMI before forming a hemifusion diaphragm (Figure 3 A III) has already been predicted by self-consistent field theory. [35] Theory further relates the IMI-pathway, that is, an elongated expansion of the stalk, with the formation of the inverted hexagonal phase. [35] Simulation studies have readily revealed that the lamellar-to-inverted hexagonal phase transition in stacked bilayer systems is indeed facilitated by linear-elongated stalk expansions. [36, 37] However, the small circular contact interface between the vesicles enforces bending of the elongated stalk along its perimeter and restricts its topology to that of an inverted micelle. Due to the inherent relation with inverse lipid phases, the formation of IMIs is expected at, for example, a high PE and/or cholesterol content [38, 39] or for membranes that are moderately enriched with anionic lipids in the presence of calcium. [40, 41] This has readily been observed in simulations for experimentally feasible 1:1 PC/PE mixtures. [42] In support of theory, our simulations suggest a possible experiment to test whether or not the IMI exists: in contrast to the conventional hemifusion pathway, [43, 44] encapsulation by the stalk-ring allows vesicular uptake of reasonably large fluorescent molecules (3 nm sized or larger) that reside in the exterior surrounding or the outer membrane surface during fusion and are too large to diffuse through possibly formed leakage pores. Therefore, when fusion progresses through an IMI, we expect an asymmetry between vesicular uptake and release. 3) Formation of the hemifusion diaphragm (HD). When one of the vesicle membranes in the IMI ruptures, the content of the inverted micelle is uptaken ( Figure 5 A) and an HD [43, 44] remains (Figure 3 A III) . As a result of curvature stress this membrane is subjected to considerable tension, as evidenced by the reduced membrane thickness in comparison to the vesicle membrane ( Figure 3 A:III). To reduce this tension an HD can alternatively expand, in contrast to the IMI in which expansion is limited by an fixed amount of material enclosed by the micelle. 4) Fusion pore formation. Eventually the HD ruptures, resulting in the formation of a lipidic fusion pore and subsequent content mixing (Figure 3 A:IV) . By what possible mechanism can SNAREs facilitate the formation of fusion pores? Figure 5 B and C show the early fusion pore. In agreement with current models, [2] [3] [4] the C termini of the TMRs reside in or near the appearing fusion pores; this suggests an active role of the SNAREs in the formation of the fusion pores. [45] During hemifusion both synaptobrevin and syntaxin can only release the bending stress stored in the linker region when a fusion pore forms because a large barrier prevents penetration of the charged C termini in the TMRs through the hydrophobic membrane core. Vice-versa, the presence of charged residues in the hydrophobic membrane core, such as the C termini, has been associated with spontaneous hydrophylic pore formation in atomic simulations. [46] Figure 5 C relates such penetration of the C-terminal to the successive onset of pore formation. Thus, we hypothesize that SNARE complexes open fusion pores, that this process is driven by the mechanical stress in the SNARE complex that results from SNARE zipping, and that the C termini play an essential role in the underlying mechanism. Should the C termini indeed be key regulators of the fusion process, our proposed mechanism further predicts that, based on the observations in atomic simulations, [46] any change in their electrostatics is likely to affect the barrier for membrane penetration and thus the inherent pore-forming propensity. Such change could be, for example, chemical modification of the C terminus, or the addition of net charged lipids. We also note that the presence of C-terminal-bound PHluorins [47] that were used in the experimental SNARE fusion setups to measure exocytosis might interfere with such a mechanism of pore formation.
Intrinsic properties of trans-membrane regions facilitate stalk formation
In the previous paragraph we stated that the TMRs facilitate stalk formation by inducing local stress in the bilayer. If such local stress purely arises from mechanical stress stored in the bended SNARE linkers, we would not expect stalk formation if transmission of this bending stress via the TMRs to the membrane is inhibited. Therefore, two simulations were restarted several nanoseconds before the onset of stalk formation, however, now with the structures of both syntaxin and synaptobrevin restrained/frozen in their bent "banana" shape, thus inhibiting the transmission of mechanical stress to the membrane (Supporting Information). Stalks, however, were also formed in both of these simulations (Table S1 ). Thus, once the SNARE complexes have overcome the barrier of bringing the bilayers in close proximity, the subsequent stalk formation is mainly the result of an intrinsic propensity of the TMRs to induce distortion of lipid packing and does not require the presence of mechanical stress in the SNARE complex. The latter agrees with fluorescence studies that showed that isolated SNARE TMR analogues can also trigger membrane fusion. [48] In fact, even if transmission of mechanical stress to the membrane occurs, as already demonstrated, this stress is mainly transduced to the distal trans-leaflets in which the hydrophilic TMR ends reside that open the fusion pore. To illustrate the intrinsic stalk-forming propensity of the TMRs, we performed simulations of the isolated TMRs of both syntaxin and synaptobrevin embedded in a small planar POPC bilayer. Figure 6 shows that both SNARE TMRs (residues 95-116 and 266-288) facilitate strong back-folding of the tail-ends toward the head-group plane within a short range (< 0.7 nm) and weakly disturb the bilayer ordering over a longer range (3 nm). With respect to the previously observed mechanism of stalk formation (Figure 4 B) , it is intuitive to associate such a strong local increase in back-folding with an increased propensity of lipid bridge formation between the proximal cis-leaflets. Moreover, the backfolding appeared stronger and longer ranged in the cisleaflets than in the trans-leaflets, and this difference increased with increasing temperatures. The latter suggests that the TMRs possess an inherent directionality, with the N-terminal side being more fusogenic than the C-terminal side. This prediction could be experimentally validated if one could control the direction of bilayer insertion of isolated TMRs in the fusion setup.
Homodimerizations promote the hemifusion to fusion transition
In our simulations, two SNARE complexes form homodimers between the trans-membrane regions (Figures 2 B and 8 II) . Similar homodimerizations, close to the C termini of the TMRs, have been observed in the X-ray structure of multiple aggregated neuronal SNARE complexes, [49] further, homodimerizations between TMRs have been shown to promote fusion. [50] What is the underlying mechanism? We focus on the fusion steps that succeed stalk formation, and in particular on the transition from the IMI to the hemifusion intermediate. In simulations in which the stalk ring and its corresponding inverted micelle were small, the rupture of the IMI occurred faster (Table S1 ). In fact, fusion pore formation is not observed within the 4 ms simulation when the stalk ring exceeds a diameter of about 8 nm (Table S1 ). Remarkably, the size of this stalk ring seems to be strongly linked to the self-organization of the two SNARE complexes (Table S1 ). In particular, a clustered anti-parallel orientation of the SNAREs in which the SNARE complexes are located opposite to each other, restricts the expansion of the stalk and thus enforces to remain localized ( Figure 7) . In contrast, a clustered parallel orientation in which the SNARE complexes are oriented next to each other does not severely hinder the stalk expansion, and thus larger IMIs can form ( Figure 7) . We therefore speculate that homodimerization of the TMRs can decrease the stability of fusion intermediates by localizing the expansion of the stalk forcing the formation of highly stressed fusion intermediates.
SNARE complexes release their energy throughout the whole fusion process up to the expansion of the fusion pore Figure 8 reveals that two SNARE complexes mediate vesicle fusion in a correlated/synchronized fashion. This scenario enables multiple SNARE complexes to release energy simultaneously and thus to cooperate in mediating membrane fusion. [24] Remarkably, as an unbiased outcome of the simulation the simulated SNARE complex spontaneously adopts the X-ray structure that has been proposed to represent a post-fusion stage. [11] Similar to this structure, about 40 ns after fusion, both TMRs closely associate, and the SNARE zipping extends all the way into the membrane region ( Figure 5 D) . The latter suggests additional progression of SNARE assembly even after fusion. This finding illustrates that the SNARE complex releases its energy gradually and throughout the whole fusion process up to the expansion of the fusion pore. Figure 8 indeed relates the remainder relaxation of the SNARE complexes with the expansion rate of the fusion pore. The latter observation provides further support for the idea that stress released from the SNARE complex participates in driving the expansion of the fusion pore. In such energy transmission, the TMRs progressively dictate decreasing membrane curvature in the pore neck while the SNAREs are relaxing, thus promoting pore expansion. However, because the SNARE complex irreversibly relaxes after fusion pore formation, the observed mousetrap mechanism suggests that a SNARE complex has only "a single shot" in opening the fusion pore. Figure 8 . Time evolution of conformational changes in the SNARE complexes during fusion. I) The tilt angle between the TMRs of syntaxin (Sx1A, residue 266-288) and synaptobrevin (Syb2, residue 95-116), which represents the magnitude of mechanical stress in the SNARE complex. The horizontal lines represent the average and standard deviation of the tilt angle obtained from the simulation of the SNARE (X-ray structure) embedded in a POPE membrane patch (lower) and two unfused vesicles (upper). II) The minimum contact distance (d) between equal TMRs in different SNARE complexes. A plateau in the minimum contact distance at % 0.5 nm corresponds to homodimerization between the TMRs. Both TMR species are dimerized between 110-420 ns. Loss of dimerization is related to the onset of membrane rupture. The gray line represents the fusion pore radius. The horizontal lines represent the times of resp. the formation of the stalk, rupture of the IMI and fusion pore.
